Aims/hypothesis Insulin resistance in skeletal muscle and liver plays a major role in the pathophysiology of type 2 diabetes. The hyperinsulinaemic-euglycaemic clamp is considered the gold standard for assessing peripheral and hepatic insulin sensitivity, yet it is a costly and labour-intensive procedure. Therefore, easy-to-measure, cost-effective approaches to determine insulin sensitivity are needed to enable organ-specific interventions. Recently, evidence emerged that plasma cathepsin D (CTSD) is associated with insulin sensitivity and hepatic inflammation. Here, we aimed to investigate whether plasma CTSD is associated with hepatic and/or peripheral insulin sensitivity in humans. Methods As part of two large clinical trials (one designed to investigate the effects of antibiotics, and the other to investigate polyphenol supplementation, on insulin sensitivity), 94 overweight and obese adults (BMI 25-35 kg/m 2 ) previously underwent a two-step hyperinsulinaemic-euglycaemic clamp (using [6,6-2 H 2 ]glucose) to assess hepatic and peripheral insulin sensitivity (per cent suppression of endogenous glucose output during the low-insulin-infusion step, and the rate of glucose disappearance during highinsulin infusion [40 mU/(m 2 × min)], respectively). In this secondary analysis, plasma CTSD levels, CTSD activity and plasma inflammatory cytokines were measured. Results Plasma CTSD levels were positively associated with the proinflammatory cytokines IL-8 and TNF-α (IL-8: standardised β = 0.495, p < 0.001; TNF-α: standardised β = 0.264, p = 0.012). Plasma CTSD activity was negatively associated with hepatic insulin sensitivity (standardised β = −0.206, p = 0.043), independent of age, sex, BMI and waist circumference, but it was not associated with peripheral insulin sensitivity. However, plasma IL-8 and TNF-α were not significantly correlated with hepatic insulin sensitivity.
Introduction
Due to the obesity epidemic, the incidence and prevalence of type 2 diabetes mellitus continues to rise globally [1] . Type 2 diabetes is characterised by a relative insulin deficiency and an Lingling Ding and Gijs H. Goossens are joint first authors. Ellen E. Blaak and Ronit Shiri-Sverdlov are joint senior authors.
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00125-019-05025-2) contains peer-reviewed but unedited supplementary material, which is available to authorised users. impaired insulin sensitivity in certain specific target organs [2] . Insulin sensitivity can be subdivided into whole-body and tissue-specific insulin sensitivity, including peripheral and hepatic insulin sensitivity. Impaired peripheral insulin sensitivity reduces insulin-mediated glucose uptake from blood into peripheral tissues, mainly skeletal muscle, while impaired hepatic insulin sensitivity manifests as the inability of insulin to suppress hepatic glucose production [3] .
Interventions that improve insulin sensitivity may be organspecific. Individuals with impaired peripheral insulin sensitivity are most likely to respond to interventions that improve skeletal insulin sensitivity, for instance, treatment with a peroxisome proliferator-activated receptor-γ agonist, exercise or a specific diet composition [4, 5] . On the other hand, individuals with impaired hepatic insulin sensitivity most likely benefit from interventions that specifically improve hepatic insulin sensitivity, such as metformin treatment [4] . Thus, determination of peripheral and hepatic insulin sensitivity is essential in the decision for a targeted therapeutic regimen for individuals. Indices for wholebody or tissue-specific insulin sensitivity can be derived from plasma insulin and glucose values. For instance, based on an oral glucose tolerance test (OGTT), whole-body and tissue-specific insulin sensitivity can be estimated [6] . However, the two-step hyperinsulinaemic-euglycaemic clamp, in conjunction with the use of a glucose tracer, is considered the gold-standard approach to assessing peripheral and hepatic insulin sensitivity; yet, this procedure is difficult, labour-intensive and costly [7] . Therefore, there is a need for easier, cost-effective ways to assess hepatic and peripheral insulin sensitivity.
Cathepsin D (CTSD), a lysosomal aspartyl protease, is ubiquitously distributed [8] but the liver is one of the organs with the highest levels of CTSD protein [9] . Further, the liver comprises the largest population of macrophages [10] , which are known to contain high levels of lysosomal enzymes, including CTSD [11, 12] . Recently, it has been demonstrated that plasma CTSD is negatively associated with insulin sensitivity, suggesting a link between plasma CTSD and insulin sensitivity [13, 14] . Moreover, previous findings from our group indicate that plasma CTSD correlates with hepatic inflammation in individuals with non-alcoholic fatty liver disease (NAFLD) [15, 16] , linking plasma CTSD to metabolic alterations in the liver. Furthermore, we recently found that inhibiting extracellular CTSD activity reduces plasma insulin levels and fatty liver features in steatotic rat livers [17] . Likewise, another study from our group demonstrated improved hepatic lipid metabolism in response to CTSD inhibition [18] , pointing towards a mechanistic role for CTSD in hepatic metabolism. However, it remains to be elucidated whether plasma CTSD is linked to hepatic insulin sensitivity.
Considering the inverse association between plasma CTSD and whole-body insulin sensitivity, on one hand [13, 14] , and the positive correlation between plasma CTSD and hepatic inflammation on the other hand [15, 16] , we hypothesised that plasma CTSD is inversely correlated with hepatic insulin sensitivity in humans.
Methods
Participant characteristics Ninety-four overweight and obese white men and women were included in the present study (age 19-69 years; BMI >25 kg/m 2 ). These individuals participated in two larger clinical trials designed to primarily investigate the effects of antibiotics [7] and polyphenol supplementation [19] on insulin sensitivity in humans (Clinicaltrials.gov registration nos. NCT02241421 and NCT02381145, respectively). Participants had a low physical activity level (<3 h of organised sports activities per week) and were weight-stable (<2 kg body-weight change in the 3 months prior to inclusion). The participants either had a normal glucose tolerance (fasting glucose <6.1 mmol/l, 2 h glucose <7.8 mmol/l; n = 38) or impaired glucose metabolism (impaired fasting glucose: plasma glucose >5.6 mmol/l; impaired glucose tolerance: 2 h glucose 7.8-11.1 mmol/l; n = 56). Furthermore, participants were not allowed to use lipid-and glucose-lowering drugs, antioxidants, corticosteroids or supplements that might impact glucose homeostasis for 3 months before entering the study. Exclusion criteria were pregnancy, menopause, lactation, cancer and any reported history of chronic inflammatory, cardiovascular, hepatic, pulmonary, renal or gastrointestinal diseases.
All participants gave written informed consent before entering this study, which was reviewed and approved by the Medical Ethical Committee of Maastricht University, and was carried out in accordance with the principles of the Declaration of Helsinki, as revised in 2008.
Baseline clinical investigations Participants were provided with a standardised low-fibre, low-fat evening meal and were instructed to come to the university after an overnight fast (10-12 h). Anthropometric measures included height, weight and waist-to-hip ratio (WHR). After inserting a cannula into the antecubital vein, blood samples were taken during the post-absorptive state.
Biochemical analyses Previously, after overnight fasting, blood collection was conducted at Maastricht University. Blood was collected into pre-chilled tubes and centrifuged (1000 g for 10 min at 4°C) and plasma was snap-frozen in liquid nitrogen and stored at −80°C until analyses. Being commonly used as inflammatory markers in the context of obesity [20] , insulin resistance [21] and hepatic inflammation [16] , plasma TNF-α, IL-6 and IL-8 were measured. In addition to the measurements performed in the previous studies [7, 19] , for this study, we measured plasma CTSD levels and activity. Plasma samples were diluted and CTSD levels were determined by the CTSD ELISA, according to the manufacturer's protocol (USCN Life Science, Wuhan, China). Absorbance was measured on a Benchmark 550 microplate reader (Bio-Rad, Hercules, CA, USA); the detection limit ranged from approximately 46.88 to 3000 pg/ml. Plasma CTSD activity was measured using a CTSD activity assay kit according to the manufacturer's protocol (MBL International, Woburn, MA, USA). The concentrations of plasma inflammatory markers (IL-6, IL-8 and TNF-α) were determined using a multiplex ELISA (Human Proinflammatory II 4-Plex Ultra-Sensitive Kit; Meso Scale Diagnostics, Rockville, MD, USA). Alanine amino transferase (ALT) was determined using routine analyses at the clinical chemistry department of the Maastricht UMC+ hospital. Fasting and 2 h plasma glucose levels during a 75 g OGTT, non-esterified fatty acids (NEFA) and triacylglycerol (TAG) were analysed with an automated spectrophotometer (ABX Pentra 400 autoanalyser; Horiba ABX, Montpellier, France), using enzymatic colorimetric assays.
Two-step hyperinsulinaemic-euglycaemic clamp A two-step hyperinsulinaemic-euglycaemic clamp combined with a [6,6-2 H 2 ] glucose tracer (Cambridge Isotope Laboratories, Tewksbury, MA, USA) was performed to measure rate of disappearance (R d ) and endogenous glucose production (EGP) [22] . The first cannula was inserted into the antecubital vein. A second cannula was inserted into a superficial dorsal hand vein for the sampling of arterialised blood (by using a hot box with air circulating at~50-55°C). After the administration of a bolus injection of 2.4 mg [6,6-2 H 2 ]glucose/kg, a continuous [6,6-2 H 2 ]glucose infusion was started at 0.04 mg/(kg × min) and continued throughout the measurement. After 2 h, insulin infusion was started at 10 mU/(m 2 × min) for 3 h to assess hepatic insulin sensitivity (%EGP suppression), followed by 40 mU/(m 2 × min) insulin for the last 2.5 h to assess peripheral insulin sensitivity (R d 40 [rate of glucose disappearance during high-insulin infusion (40 mU/(m 2 × min))]). By variable co-infusion of a 20% glucose solution (wt/vol.), enriched to 1.92 mg tracer/ml, blood glucose concentrations were maintained at around 5.0 mmol/l. During the last 30 min of the baseline period and during each insulin-infusion step [0, 10, and 40 mU/(m 2 × min)], three blood samples were collected. Kinetics of R d were calculated during 0 and 40 mU/(m 2 × min) insulin infusion as absolute increases between these steps [Δ μmol/(kg × min)]. In the meantime, insulin-mediated suppression of EGP was calculated during 0 and 10 mU/(m 2 × min) insulin infusion, which was regarded as relative suppression during 10 vs 0 mU/(m 2 × min) insulin.
Statistical analysis Statistical analysis was performed by using IBM SPSS Statistics for Windows, version 24
(IBM, Armonk, NY, USA). All data are expressed as mean ± SEM. A univariate general linear model was used to analyse associations between plasma CTSD levels and activity, R d 40 and %EGP suppression as dependent variables, respectively, and other parameters as independent variables. Subsequently, multiple linear regression analyses were performed with plasma CTSD levels and activity separately added as independent variables and either R d 40 or %EGP suppression as dependent variables, resulting in Model 1 (simple regression), Model 2 (Model 1 + adjustment for age), Model 3 (Model 2 + adjustment for sex), Model 4 (Model 3 + adjustment for BMI) and Model 5 (Model 4 + adjustment for waist circumference). In addition, multiple linear regression analyses were performed with TNF-α or IL-8 as independent variables (with adjustment for age, sex, BMI and waist circumference in similar models as those mentioned above), and plasma CTSD levels or activity as dependent variables, respectively. Interaction between covariates in the multiple regression analyses was also tested but no significant interactions were found (data not shown).
For the present study, we calculated that 52 individuals would be needed to demonstrate a significant association between CTSD activity and hepatic insulin sensitivity with a power of 80% (α = 0.05, β = 0.8, effect size f 2 = 0.20). Since we included 94 overweight and obese white men and women that had previously participated in two larger clinical trials [7, 19] , this study was well powered.
Results
Anthropometric and clinical characteristics of the study population Participant characteristics are summarised in Table 1 . Ninety-four overweight and obese individuals (74 men and 20 women) were involved in this study. Age ranged from 19 to 69 years and BMI ranged from 25.4 to 38.6 kg/m 2 . The mean plasma CTSD levels and activity were 6586.2 ± 598.9 pg/ml and 237.5 ± 11.0 RFU/μl, respectively. Additionally, the correlation between plasma CTSD levels/activity and other parameters related to overweight and obesity were determined Table 1 ). We found that plasma CTSD levels were significantly correlated with hip circumference, WHR, NEFA and TAG, whereas plasma CTSD activity significantly correlated with TAG only. No significant correlation was observed between plasma CTSD levels/activity and ALT.
Plasma CTSD activity is negatively associated with hepatic insulin sensitivity Next, we tested our hypothesis that plasma CTSD associates specifically with hepatic insulin sensitivity. Plasma CTSD levels were not significantly associated with hepatic insulin sensitivity (%EGP suppression; In contrast, peripheral insulin sensitivity (R d 40) was only associated with plasma CTSD levels in the unadjusted model (Model 1: standardised β, 0.231 [95% Cl 0.023, 0.425]; p = 0.030); after adjustment for age, sex, BMI and waist circumference, R d 40 was no longer associated with plasma CTSD levels ( Table 3 ). Plasma CTSD activity was not associated with R d 40 in any of the models (Table 3) . Collectively, these findings demonstrate that hepatic insulin sensitivity is negatively associated with plasma CTSD activity, independently of age, sex, BMI and waist circumference.
Plasma TNF-α concentrations are independently positively associated with plasma CTSD levels To confirm previous studies, which indicate that plasma CTSD is associated with inflammation [16, 23] , we first investigated the associations between the proinflammatory cytokines TNF-α, IL-6 and IL-8 and plasma CTSD using multiple linear regression (Table 4 ). Plasma TNF-α concentrations were positively associated with plasma CTSD levels (Model 1: standardised β, 0.264 [95% Cl 0.063, 0.492]; p = 0.012), including after adjustment for age (Model 2: standardised β, 0.252 [95% Cl 0.072, 0.458]; p = 0.008) and further correction for sex (Model 3: standardised β, 0.301 [95% Cl 0.107, 0.527]; ) and age, sex, BMI and waist circumference (Model 5) did not alter the strength and significance of the association between plasma TNF-α and plasma CTSD levels. In contrast to plasma CTSD levels, plasma CTSD activity was not associated with plasma TNF-α levels in Model 1 (standardised β, 0.102; p = 0.335). Moreover, after correcting for age, sex, BMI and waist circumference as confounders in the respective linear regression models, the association between plasma CTSD activity and TNF-α remained non-significant (Table 4 ), indicating that plasma CTSD activity does not relate to plasma TNF-α levels.
In accordance with the positive association between plasma TNF-α levels and CTSD levels, plasma IL-8 levels were positively associated with plasma CTSD levels (Model 1: standardised β, 0.495 [95% Cl 0.317, 0.693]; p < 0.001; Table 5 ), including after adjustment for age (Model 2: standardised β, 0.353 [95% Cl 0.159, 0.568]; p = 0.001), and further adjustment for sex (Model 3: standardised β, 0.354 [95% Cl 0.158, 0.570]; p = 0.001), BMI (Model 4: standardised β, 0.349 [95% Cl 0.152, 0.566]; p = 0.001) and waist circumference (Model 5: standardised β, 0.333 [95% Cl 0.137, 0.548]; p = 0.001) ( Table 5 ). Adjustment for age (Model 2), age and sex (Model 3), age, sex and BMI (Model 4) and age, sex, BMI and waist circumference (Model 5) did not influence the strength and significance of the association. In contrast to the associations with CTSD levels, although plasma IL-8 concentration was associated with CTSD activity in Model 1 (standardised β, 0.294 [95% Cl 0.093, 0.492]; p = 0.004) and also after adjustment for age (Model 2: standardised β, 0.234 [95% Cl 0.008, 0.454]; p = 0.042), plasma IL-8 levels were not associated with plasma CTSD activity after further adjustment for sex (Model 3: standardised β, 0.224 [95% Cl −0.002, 0.442]; p = 0.052), BMI (Model 4: standardised β, 0.226 [95% Cl 0.000, 0.446]; p = 0.50) and waist circumference (Model 5: standardised β, 0.220 [95% Cl −0.007, 0.441]; p = 0.057) ( Table 5 ). Additionally, compared with the standardised β values and significance level in the association between plasma CTSD activity and plasma IL-8 levels with Model 1 and Model 2, the association between plasma CTSD levels and plasma IL-8 levels was much stronger in all models. In contrast, no significant associations between plasma CTSD and plasma IL-6 were observed (data not shown). Altogether, our findings show that plasma CTSD levels are positively associated with plasma levels of TNF-α and IL-8, independent of age, sex, BMI and waist circumference, thereby confirming the link between plasma CTSD and inflammation.
Plasma TNF-α IL-8 levels are not associated with hepatic insulin sensitivity To investigate whether CTSD may be a better determinant of hepatic insulin sensitivity than systemic inflammatory factors, we next investigated the association between plasma inflammatory cytokines and hepatic insulin sensitivity. Plasma levels of the inflammatory cytokine TNF-α was only associated with hepatic insulin sensitivity in the unadjusted model (Model 1: standardised β, −0.225 [95% Cl −0.463, −0.014]; p = 0.038; Table 6 ), but after adjustment for age, sex, BMI and waist circumference, no significant associations were observed. Plasma levels of IL-8 were not significantly associated with hepatic insulin sensitivity (Table 6 ). Moreover, both inflammatory parameters did not correlate with peripheral insulin sensitivity (data not shown). Together, these findings indicate that systemic inflammatory markers have no significant predictive value for estimating hepatic insulin sensitivity.
Discussion
Impaired liver and skeletal muscle insulin sensitivity are considered major risk factors for the development of type 2 diabetes. To enable organ-specific interventions for each (pre)diabetic individual it is, therefore, of critical importance to determine the level of hepatic and peripheral insulin sensitivity. Here, we show for the first time that plasma CTSD activity is inversely associated with hepatic insulin sensitivity, independently of age, sex, BMI and waist circumference, but not with systemic inflammation, suggesting that plasma CTSD activity may be used as a non-invasive predictive tool for hepatic insulin sensitivity. The present finding that plasma CTSD activity is associated with hepatic insulin sensitivity is in line with previous reports implicating the involvement of CTSD in mechanisms leading to the impairment of hepatic insulin sensitivity [24] . In the current study, we did not observe an association between systemic inflammatory markers and hepatic insulin sensitivity. Besides inflammation, lipid accumulation in the liver is known to impact upon hepatic insulin signalling [24] [25] [26] . For example, the intracellular lipid mediator ceramide has been extensively linked to impaired hepatic insulin sensitivity via disturbance of Aktrelated pathways [27, 28] . Notably, ceramide is also responsible for CTSD activation [29] , thereby highlighting ceramide as a potential mediator linking CTSD to hepatic insulin signalling. Consistently, our recently published in vivo studies also demonstrated that inhibiting CTSD activity reduces fatty liver and improves hepatic lipid metabolism [17, 18] . Furthermore, CTSD gene knockout or mutations also lead to neuronal ceroid lipofuscinosis [30, 31] , which is characterised by lipopigments and proteins accumulating in lysosomes [32] . These data, therefore, suggest that the link between CTSD activity and hepatic insulin sensitivity may be mediated by modulation of lipid metabolism. Indeed, TAG levels were also associated with plasma CTSD activity in our study. Therefore, these observations urge for more in-depth investigation on how CTSD-related changes in lipid metabolism influence hepatic insulin sensitivity.
In the current study, we found an association between hepatic insulin sensitivity and plasma CTSD activity, but not with plasma CTSD levels. While CTSD levels are the major factor impacting on CTSD activity, it is clear that other factors, such as plasma pH [33] and inhibition by albumin [34] and α2-macroglobulin [35] , also influence the activity of CTSD. Additionally, the total content of CTSD includes the nonmature pro-CTSD enzyme [36] . These factors, therefore, likely explain why CTSD content did not associate with hepatic insulin sensitivity in a similar way to CTSD activity.
Additionally, sex weakens the association between plasma CTSD activity and hepatic insulin sensitivity in the current study, pointing towards the potential impact of sex on our findings. We, therefore, adjusted for sex in the linear regression models. However, even after adjusting for sex, the negative association between CTSD activity and hepatic insulin sensitivity remained significant, suggesting that plasma CTSD activity is (negatively) associated with hepatic insulin sensitivity independently of sex. The low number of women in the present study did not, unfortunately, allow for sex-specific analyses. Future studies with larger sample sizes and sex-balanced cohorts should be considered to further validate our findings.
The liver constitutes a central position in glucose metabolism, being responsible for at least 75% of endogenous glucose output in the body [37] . Currently, the gold standard for assessing hepatic insulin sensitivity is the hyperinsulinaemiceuglycaemic clamp method [38] . However, owing to its invasive, costly and labour-intensive nature, this technique cannot be used in large populations. As an alternative, several studies have investigated the use of non-invasive plasma markers to assess insulin sensitivity [39] . However, to our knowledge, none of these markers provide specific information on hepatic insulin sensitivity. For instance, while clinical data proposed adiponectin and chemerin as potential markers for wholebody insulin sensitivity, these markers did not show specific predictive value for hepatic insulin sensitivity [40, 41] . However, in the present study, we show that assessment of plasma CTSD activity, which is easier, less invasive and more cost effective, holds a predictable value to evaluate hepatic insulin sensitivity. Indeed, in contrast to a required blood volume of about 150 ml, a performance duration of approximately 8 h and the high costs related to the two-step hyperinsulinaemiceuglycaemic clamp, the measurement of plasma CTSD activity requires less than 1 ml of blood (5-10 μl of plasma), much less time (1.5 h) and more than 75 times lower costs. Furthermore, acquiring information on hepatic insulin sensitivity has potential in supporting the therapeutic regimen for the (pre)diabetic patients. For example, while pharmacological agents, such as metformin and glitazones, aim to specifically improve hepatic insulin resistance by inhibiting hepatic gluconeogenesis [37, [42] [43] [44] , thiazolidinediones (TZDs) have extrahepatic target organs, mainly adipose tissue [45] [46] [47] . Overall, the independent correlation between plasma CTSD activity and hepatic insulin sensitivity holds value as an indication for liver-specific impairments in glucose homeostasis, which may aid in deciding on the targeted therapeutic regimen for (pre)diabetic individuals. Despite our significant findings, the cohort that was used in our study has a relatively small sample size and an unbalanced sex population, which leads to a weak-to-moderate, although independent, association between plasma CTSD activity and hepatic insulin sensitivity. Furthermore, age-matched healthy, lean control individuals with insulin sensitivity measurements were not included in the current study. Therefore, future studies are warranted to validate our findings in larger cohorts that also include age-matched, healthy, normal-weight individuals.
Conclusions
The present study demonstrated that, in contrast to inflammatory markers, plasma CTSD activity was negatively associated with hepatic insulin sensitivity, independently of age, sex, BMI and waist circumference. Thus, plasma CTSD activity holds promise as a non-invasive predictive marker to assess hepatic insulin sensitivity.
